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ABSTRACT 
A study was conducted to determine the velocity and temperature 
distributions in swirling flow of air through a converging nozzle. 
Radial traverses were taken at three axial positions with a specially 
designed pitot tube constructed of hypodermic needles. The most signi-
ficant finding was the large magnitude of the radial velocity component. 
A combination of reversed axial flow along the nozzle axis, and an out-
ward flow near the nozzle surface was also experienced. An increase of 




The author wishes to express his gratitude to Professor Lyle G. 
Rhea for his advice, encouragement, and assistance given during this 
investigation. Had it not been for his giving so freely of his own 
time, this achievement would not be possible. 
I would also like to thank Mr. Gary A. Hinz, my fellow graduate 
assistant, and Mr. R. D. Smith, Lab Technician for the Mechanical 
Engineering Department, who were very helpful during the construction 
and assembly of the apparatus. 
Also, I wish to thank the Nooter Corporation of St. Louis, 
Missouri, for donation of materials, and the Mining Engineering 
Department for the use of test equipment. 
LIST OF ILLUSTRATIONS 
LIST OF TABLES 
I. INTRODUCTION 
TABLE OF CONTENTS 
II. REVIEW OF LITERATURE 
III. DESCRIPTION OF APPARATUS 
Vortex Generator and Nozzle 
Compressed Air Supply 
Instrumentation 
IV. EXPERIMENTAL PROCEDURE AND RESULTS 
V. DISCUSSION OF RESULTS 


























LIST OF ILLUSTRATIONS 
Figure 
1. Vortex Generator and Nozzle 
2. Guide Vanes 
3. Schematic Diagram of Compressed Air Supply 
4. Pitot Tube 
5. Apparatus for Measurements Inside Nozzle 
6. Apparatus for Measurements Outside Nozzle Exit 
7. Velocity Components Versus Radius Parameter 
8. Velocity Components Versus Radius Parameter 
9. Annular Region of Outward Flow 
10. Temperature at Station No. 1 
11. Temperature at Station No. 2 
12. Temperature at Station No. 3 
13. Pitot Tube Movement 
14. Nozzle Dimensions for Calculations 
15. Coordinates at Pitot Tube Tip 




















I. Experimental Data 
II. Calculated Data 






The problem considered here is that of determining the velocity 
and temperature distributions for swirling air flow through a conver-
gent nozzle. Swirling flow of this type has possible applications in 
connection with nuclear rockets, whereby the swirling of the propel-
lant would retain the heavy uranium atoms inside the rocket chamber. 
Swirling flow is necessary in plasma rockets for arc stabilization. 
Furthermore, it has been theorized the mass flow through a rocket 
nozzle could be regulated in proportion to the decreasing thrust by 
increasing the magnitude of the swirl. 
To establish design criteria for these nozzles, a more complete 
understanding of the flow is required. Many studies have been conduct-
ed with swirling flow through a circular cylinder. This is more com-
monly referred to as the Ranque-Hilsch tube or vortex tube. In this 
apparatus compressed air enters a cylinder tangentially and expands 
in a centrifugal field. The final result is a region of air in the 
central core having a lower total temperature than that of the inlet 
air while the air in the remaining annular region has a higher total 
temperature. However, despite the great deal of work done, both 
analytical and experimental, complete agreement does not exist as to 
the theory of operation. This is partly due to the restrictions 
placed upon the equations describing the flow, and the mathematical 
difficulties encountered in attempting a direct solution. 
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To date, literature is not available concerning previous experi-
mental work for air swirling through a nozzle. Data obtained from vor-
tex tube flows, for what quantitative value it may have in this appli-
cation, is questionable due to relatively large probes being inserted 
directly into the flow field creating major disturbances (10). 
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I I . REVIEW OF LITERATURE 
The vortex cooling effect, first associated with cyclone separa-
tors, was initially reported by G. Ranque (8, part 1) in 1931. In 
December, 1931, he applied for a French patent with a device to du-
plicate the effect. The feature of no moving parts, and the separa-
tion of hot and cold air streams simultaneously, immediately suggested 
its application as a refrigerator. However, subsequent investigations 
showed that the power required to operate the vortex tube was many 
times that required by a conventional refrigerator (8, part 1). 
It was not until 1946, when R. Hilsch (6) published a paper rela-
ting his experiences with the vortex tube, that there was again wide-
spread interest. Keyes (7) measured radial distributions of the static 
pressure, and tangential velocity. Lay (8, part 1) determined radial 
distributions of the velocity vectors, total temperature, and total 
and static pressures at several axial positions downstream from the 
closed end of a vortex tube. Studies were conducted by Savino and 
Ragsdale (10) on vortex flow generated within two right circular cylin-
ders by injecting air through longitudinal vanes forming the chamber. 
Donaldson and Sullivan (5) presented solutions of the Navier-
Stokes equations for various types of three-dimensional viscous vor-
tex motions. The solutions show that vortex flows are possible where 
the flow may not simply spiral inward toward an axis and out along 
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it, but have regions of reversed flow. Lay (8, part 1) and Deissler 
and Perlmutter (4) give mathematical solutions for differential equa-
tions governing the flow in vortex tubes. Results of an analytical 
investigation by Mager (9), for swirling flow through a nozzle, pre-
dict the minimum radius at which a void region could exist near the 
nozzle axis. This void region could in turn reduce the flow area at 
the nozzle throat to the point of completely restricting the flow. 
Between 1956 and 1957, Binnie, Hookings, and Kamel (3) conducted 
experiments on the flow of swirling water through convergent and con-
vergent-divergent nozzles. 
A review of the literature did not disclose much information with 
regard to swirling flow of air through a nozzle. 
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III. DESCRIPTION OF APPARATUS 
The main consideration in the design of this facility was a noz-
zle of sufficient size to allow velocity, temperature, and pressure 
measurements to be made at several axial positions without causing major 
disturbances in the flow pattern. It was also necessary to construct 
a special pitot tube capable of indicating the maximum velocity at a 
given radius. 
The primary elements of the test apparatus were the vortex generator 
and nozzle, the compressed air supply, and instrumentation. A discussion 
of each of these elements and its relationship to the overall test setup 
follows. 
Vortex Generator and Nozzle -A 5-7/8 in. section of 20 in. - O.D., 
schedule 20, steel pipe forms the periphery of the inlet chamber, Fig-
ure 1. Located at staggered positions on the chamber surface are two, 
12 in. lengths of 1-1/2 in. steel pipe. These pipes were separated 90°, 
and enter the inlet chamber tangentially to the inside surface so as to 
give the compressed air an initial swirling motion. 
From the inlet chamber the air passed through guide vanes, forc-
ing it to follow a path tangent to the circular surface, and spiral into 
the central region of the vortex generator. These sixteen equally 
spaced vanes, 5 in. long and 3/16 in. wide, were machined tangent to 
the inside surface of two concentric pieces of steel pipe, Figure 2. 
Both were initially 14 in. - O.D. and 5-7/8 in. long, but with one 
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Figure 1. Vortex Generator and Nozzle. 
Figure 2. Guide Vanes. 
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schedule 20 and the other schedule 40. The schedule 40 piece was 
"turned down" until the schedule 20 pipe, which had been machined to 
13-3/4 in. - I.D., would just slip over the inside piece and rotate. 
The inner cylinder was welded to a 20 in. diameter, steel backing plate 
3/16 in. thick. For purposes of varying the flow area of the vanes, 
the outer cylinder may be revolved to the desired setting and held in 
position with a set screw. As seen in Figure 1, the backing plate and 
attached guide vanes were welded to the large pipe which forms the out-
side of the inlet chamber. 
A 5/16 in. thick steel face plate to enclose the vortex generator, 
and support the nozzle, was machined for a cork gasket seal at the 
guide vanes, Figure 1. A cork gasket seal was also used at the peri-
phery of the inlet chamber with provisions made for the possible use 
of an 0-ring seal at a later date. The face plate was secured to 
the vortex generator by a flange welded to the outside of the inlet 
chamber. 
A nozzle was constructed of 16-gauge sheet metal having inlet and 
exit diameters of 11-15/16 in. and 3-15/16 in., with a length of 20-1/16 
in. After the nozzle had been braze welded to the face plate, Snowite 
flexible plastic mender was applied. This acted as both a seal and a 
material to fill in areas of distortion and roughness on the nozzle 
surface. 
Compressed Air Supply - Figure 3 is a schematic drawing of the 
compressed air supply. Compressed air was supplied by no less than 
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Figure 3. Schematic Diagram of Compressed Air System. 
To Air Compressor 
200 cfm 





second Ingersoll-Rand, type ES-1, and a Gardner-Denver model RS125A. 
Use of the Gardner-Denver air compressor required the installation of 
a suitable motor and drive assembly. Two separate pipelines directed 
the flow of air to a Worthington receiving tank from the air compres-
sors. The temperature of the air was measured before it passed through 
an orifice type flow meter used to measure the flow rate. To give a 
more even distribution of air within the inlet chamber, the flow was 
divided into two streams as it entered the vortex generator. 
Since a primary consideration in this study was a limiting of dis-
turbances created by a probe being inserted into the flow, a large 
size nozzle was constructed. This in turn necessitates a large air 
supply if appreciable pressures and velocities are to be realized in 
the nozzle. For the equipment used in this investigation, it was deter-
mined that an upstream pressure at the orifice of 3.00 psig resulted in 
best operating conditions. Sizeable velocities were still obtainable, 
but pressure gradients could not be measured due to the expansion of the 
compressed air within the vortex generator to atmospheric conditions. 
Although this limitation does not hinder this initial study, a much lar-
ger air capacity, however, will be required for more advanced studies. 
Instrumentation - For measurement of the static pressure, velocity 
and temperature within the nozzle, a special pitot tube assembly was 
constructed, Figure 4. The advantage of this probe was that it could be 
installed at any station in the nozzle, or in the exit plane and 
raised, lowered, or completely revolved in the flow field for variable 
radii. The reason for freedom of movement of the pitot tube was to 
10 
Figure 4. Pitot Tube. 
make it possible to measure the maximum velocity at a particular sta-
tion and at any given radius. The small size of the pitot tube rela-
tive to the nozzle may be seen in Figure 1. 
The pitot tube was constructed of two hypodermic needles. A 
smaller needle of 0.028 in. - O.D. was fit inside one having an outside 
diameter of 0.072 in. The total pressure hole was 0.016 in. in diameter, 
with four static pressure holes of 0.021 in. diameter. The dimensions 
of the pitot tube, and position of the static pressure holes was in 
accordance with ASME code requirements. Total and static pressure taps 
were installed at the rear and the complete assembly was soldered to 
make it leak-free. A bevel gear, to which the pitot tube was attached, 
was mounted at the end of a support rod. A shaft was placed alongside 
the support rod to drive with a second bevel gear the pitot tube. This 
11 
arrangement made it possible to move the tip of the pitot tube in a 
vertical plane. 
To the side of the pitot tube was attached an iron-constantan 
thermocouple for temperature readings. The probe assembly was inserted 
through holes drilled in the nozzle surface and held in place with 
special holders constructed of 3 in. steel pipe, Figures 5 and 6. To 
eliminate a whipping motion of the pressure lines from the pitot tube, 
a holding device was constructed at the exit of the nozzle, Figure 5. 
Two protractors were mounted atop the holder to measure rotation 
of the complete assembly and pitot tube relative to an initial posi-
tion. A Meriam model RC-2818-1 manometer, with water as the indi-
cating fluid, was used to indicate velocity head. To measure the pres-
sure within the nozzle, a compound pressure gage was installed on the 
static pressure side of the manometer. This, as mentioned before, was 
of no practical use because of the reduction of pressure within the vor-
tex generator to atmospheric conditions. The same may be said for two 
pressure gages with connections into the backing plate of the vortex 
generator. These were installed in an attempt to measure the pressure 
drop across a single guide vane. 
A shielded, iron-constantan thermocouple was positioned at the out-
let of the receiving tank for measuring inlet air temperatures, Figure 
3. An orifice type flow meter was constructed and installed, in 
accordance with ASME code requirements for flange taps, to indicate 
the flow rate of air to the vortex generator. Pressures upstream and 
downstream of the orifice where obtained with Heise model 18142 gages, 
Figures 5 and 6. 
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In order that a comparison could be made between the air flowing 
through the nozzle and the nozzle outside surface temperature, an 
iron-constantan thermocouple was attached to the outside surface. 
Figure 5. Apparatus for Measurements Inside Nozzle. 
Figure 6. Apparatus for Measurements Outside Nozzle Exit. 
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IV. EXPERIMENTAL PROCEDURE AND RESULTS 
The test setup was started and operated in the following manner: 
The pump associated with the cooling tower was started to provide cool-
ing water for two of the three compressors. Cooling of the Ingersoll-
Rand model 50-B compressor was provided by an inter-cooler. The 
General-Electric motor-generator set in the Mechanical Engineering 
Laboratory was started, and circuit breakers were closed to complete 
the circuit to the starting panel for the Ingersoll-Rand model ES-1 
compressor. Circuit breakers were also closed at this time to complete 
the circuit to the motor starter for the induction heater. Direct 
involvement with the Ingersoll-Rand model 50-B compressor was not 
necessary since it was located in the Power Plant Building. With all 
the valves open except no. 3, the Gardner-Denver compressor was started 
at the induction heater first, and allowed to run for several minutes. 
See Figure 3. The Ingersoll-Rand type ES-1 compressor was started 
next, followed by the opening of valve no. 3 to admit air from the 
Power Plant. By manipulating valves 3 and 4, the flow was regulated 
until the upstream pressure at the orifice flow meter was 3.0 psig and 
that downstream was approximately 1.0 psig. Once steady-state condi-
tions were reached, readings of orifice pressure, receiving tank pres-
sure, and inlet air temperature were taken. 
For a given axial position, the radial traverses were then begun 
at the center and progressed to the wall of the nozzle across the axially 
synmetric flow. At an arbitrary position, the pitot tube was adjusted 
until the point of maximum velocity, as indicated by the manometer, had 
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been located. Readings were taken of the distance the support rod for 
the pitot tube had moved from the center position, rotation of the com-
plete assembly and pitot tube, static temperature, static pressure, noz-
zle surface temperature, and velocity head for each condition. The posi-
tion of the pitot tube was known to within + 1/32 in. 
The exit plane of the nozzle and the first two holders downstream 
from the face plate, comprised the axial positions at which readings 
were taken. Readings were not taken at the third holder on the nozzle 
surface due to the erratic behavior of the velocity during a prelimin-
ary test of the apparatus. This may have been caused by the reversed 
axial flow that was observed at the exit, or the large size of the 
pitot tube relative to the cross-sectional area of the nozzle. 
Readings were not possible near the nozzle surface because of 
interference of the pressure lines attached to the pitot tube and the 
curvature of the surface. Since the exit plane of the nozzle was pri-
marily a region of reversed axial flow, only the two velocity readings 
near the nozzle surface at Station no. 3 indicate an outward flow. 
Table I of the Appendix summarizes the experimental data obtained 
during operation of the apparatus. 
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V. DISCUSSION OF RESULTS 
The experimental data to be analyzed may be found in Table II of the 
Appendix. These are the values that are plotted in Figures 7-12, and 
upon which the following discussion is based. 
Figure 7 shows the calculated velocity components for Station no. 
1. The parameter r/R is the dimensionless radial position measured from 
the axis of the nozzle. See Figure 14. As shown, the tangential velo-
city decreases as the radial position is reduced. This indicates an 
acceleration of the fluid as it moves radially inward in an attempt to 
maintain constant angular momentum. This increased tangential velocity 
would cause a region of lower pressure near the center. For this rea-
son, the radial velocity would increase to maintain a more or less 
constant total energy. The curve of axial velocity exhibits a reversed 
flow at smaller radii due to an adverse axial pressure gradient. As 
shown in Figure 7, an appreciable outward axial flow would occur only 
at values of the radius ratio of 0.52 and greater. 
At Station no. 2, as shown in Figure 8, the behavior of the tan-
gential velocity is similar to Station no. 1, but the magnitude is less 
for any given radius ratio. This demonstrates that the angular momen-
tum of the fluid would be conserved between Stations no. 1 and 2 pri-
marily by an increase in viscous forces. The reversed axial flow, 
as shown by the curve of tangential velocity, originates at a greater 
value of the radius parameter than previously. Therefore, the annu-
lar area in which the outward axial flow along the nozzle surface 
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Figure 8. Velocity Components Versus Radius Parameter. 
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velocity near the surface to increase and divert the reversed axi a l 
flow along the axis to the outer surface. This is evident from the 
curve of radial velocity shown in Figure 8. The radial velocity 
appears to increase linearly with radius from 123 ft/sec to 220 ft/sec 
while the radius parameter varied 0.23. 
Although the axial component of velocity increased between the 
inlet and exit of the nozzle, it was not possible to measure the pres-
sure drop. Figure 9 illustrates what appears to be the boundary 
between the outward axial flow and the reversed axial flow along the 
nozzle axis. This was determined from the axial velocity curves of 
Figures 7 and 8, and the calculated data for Station no. 3. 
An attempt was made to measure the reversed axial flow at 
Station no. 3 by revolving the pitot tube 180°. However, the 
readings were so erratic that this was omitted in favor of measuring 
the temperature profile, and the outward flow near the nozzle surface. 
Radial temperature distributions for the three axial positions 
are shown in Figures 10, 11 and 12. Station no. 1, Figure 10 , does 
not follow the same trend as Figures 11 and 12 since the initia l 
temperature of the inlet air to the system changed approximately the 
same amount as the range of temperatures measured within the nozzle. 
Figures 11 and 12 illustrate the r adia l varia tion of t emp erature 
within the nozzle for an essentially constant inlet temperature. This 
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Figure 10. Temperature at Station No. 1. 
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Figure 12. Temperature at Station No. 3. 
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VI. CONCLUSIONS AND RECOMMENDATIONS 
It is evident from the previous discussion that the phenomenon 
of swirling air flow through a conical shaped nozzle is very com-
plex. Further work involving a wider range of data would be required 
before a more detailed explanation could be given as to how specific 
variables affect the flow pattern. 
A comparison with previous experimental work does not apply 
since this has only involved right circular cylinders. Most analyti-
cal studies for right circular cylinders and conical shaped nozzles 
assume the radial component of velocity to be zero. Therefore, since 
the radial velocity has been shown to have a significant value, any 
analysis using this assumption is not acceptable. 
The following results were obtained with the present operating 
conditions: 
(1.) The axial component of velocity increased as the 
flow passed through the nozzle, but it was not 
possible to measure the pressure gradient. 
(2.) A reversed axial flow existed along the axis of 
the nozzle. 
(3.) The annular region of outward flow near the 
nozzle surface decreased with increasing axial 
position. 
(4.) The radial temperature varied in a manner 
similar ·to the Ranque-Hilsch effect. 
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The performance of the pitot tube and vortex generator was very 
satisfactory. However, further work will require a larger air capacity. 
This would enable a study to be made of the effect of variable flow 
rate, variable swirl magnitudes, and the static pressure distribution 
within the nozzle. Construction of a smaller pitot tube, and rear-
rangement of the pressure lines, would permit readings closer to the 
surface of the nozzle. A study of the temperature, pressure, and 
velocity distributions within the vortex generator itself would be 
worthwhile. 
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Ambient Temp. - 94°F Orifice Upstream Pres. - 3.0 psig Initial Complete Rotation - 70° 
Ambient Pres. 28.848 in. Hg Orifice Downstream Pres. - 1.0 psig Initial Pitot Tube Movement - 38° 
Upstream Pres. at Vane - 0.0 psig Initial Upstream Temp. - 174.3°F Receiving Tank Pres. - 50 psig 
Downstream Pres. at Vane - 0.0 psig Final Upstream Temp. - 172.7°F Orifice Diameter - 1.500 in. 
Distance from Nozzle Exit - 14.875 in. Pipe Diameter - 2.068 in. 
Distance Complete Pitot Tube Temp. Velocity Static Nozzle 
from Center Rotation Movement Head Pres. Surface Temp. 
(in.) (deg) (deg) (mv) (in. H2o) (psig) (mv) 
0.00 17.5 66.0 3.839 4.35 0.0 
0.50 17.5 46.0 3.827 6.00 o.o 
1.00 16.5 56.0 3.833 6.30 0.0 
1.50 12.5 47.0 3.830 6.33 0.0 
2.00 23.5 49.5 3.815 5.48 0.0 
2.50 16.5 39.5 3.815 4.53 0.0 
3.00 26.0 40.5 3.804 3.75 0.0 
3.50 17.0 42.0 3.806 2. 75 o.o 
4.00 16.5 71.0 3.805 2.15 0.0 
4. 25 56.0 69.0 3.804 2. 25 0.0 
N 
00 
TABLE I (Continued) 
EXPERIMENTAL DATA 
Station 112 
Ambient Temp. - 82°F Orifice Upstream Pres. - 3.0 psig Initial Complete Rotation - 39° 
Ambient Pres. 28.904 in. Hg Orifice Downstream Pres. - 0.75 psig Initial Pitot Tube Movement - 31.5° 
Upstream Pres. at Vane - 0.0 psig Initial Upstream Temp. - 146.5°F Recieving Tank Pres. - 60 psig 
Downstream Pres. at Vane - 0.0 psig Final Upstream Temp. - 146.9°F Orifice Diameter - 1.500 in. 
Distance from Nozzle Exit - 9.9375 in. Pipe Diameter - 2.068 in. 
Distance Complete Pitot Tube Temp. Velocity Static Nozzle 
from Center Rotation Movement Head Pres. Surface Temp. 
(in.) (deg) (deg) (mv) (in.H~) (psig) (mv) 
0.000 67.5 1.5 2.980 9.00 0.0 2.805 
0.375 60.0 0.0 2.982 8.75 0.0 2.796 
0.750 58.0 1.5 2.964 5.10 0.0 2.804 
1.125 54.5 12.0 2.962 3. 20 0.0 2. 778 
1.500 46.0 45.0 2.985 5.40 0.0 2. 771 
1.875 65.0 51.0 2.998 5.05 o.o 2. 776 
2.250 59.0 44.0 3.007 4.95 0.0 2.802 
2.625 47.5 45.5 3.003 4.80 o.o 2.785 
65.0 48.0 3.015 3.20 0.0 2.806 
N 
3.000 \0 
TABLE I (Continued) 
EXPERIMENTAL DATA 
Station 1fo3 
Ambient Temp. - 88.5°F Orifice Upstream Pres. - 3.0 psig Initial Complete Rotation - 88° 
Ambient Pres. - 28.884 in. Hg Orifice Downstream Pres. - 1.0 psig Initial Pitot Tube Movement - 21.5° 
Upstream Pres. at Vane - 0.0 psig Initial Upstream Temp. - 155.6°F Receiving Tank Pres. - 58 psig 
Downstream Pres. at Vane - 0.0 psig Final Upstream Temp. - 155.4°F Orifice Diameter - 1.500 in. 
Distance from Nozzle Exit - 0.75 in. Pipe Diameter- 2.068 in. 
Distance Complete Pitot Tube Temp. Velocity Static Nozzle 
from Center Rotation Movement Head Pres. Surface Temp. 
(in.) (deg) (deg) (mv) (in. H20) (psig) (mv) 
o.o 88.0 21.5 2. 786 
-1.90 0.0 3.059 
0.1 89.5 21.5 2.750 -2.00 0.0 3.045 
0.2 88.0 -8.0 2.730 
-1.80 0.0 3.032 
0.3 88.5 -10.0 2. 719 
-1.80 0.0 3.053 
0 . 4 88.0 -7.0 2.705 
-1.80 0.0 3.048 
0.5 88.0 -0.0 2.688 -1.60 0.0 3.066 
0.6 88.0 -0.0 2. 728 
-1.75 0.0 3.060 
0.7 88.0 -0.0 2.741 
-2.00 0.0 3.065 
0.9 27.0 49.5 2.833 14.00 0.0 3.055 w 0 




Initial Upstream Temp. - 174.3°F Volumetric Flow Rate - 246.0 ft3/min 
Distance Complete Pitot Tube Temp. Vt Vr from Center Rotation Movement 
(in.) (deg) (deg) (oF) (ft/sec) (ft/sec) 
0.00 92.5 44.9 164.3 108.9 108.6 
0.50 92.5 56.7 163.9 99.1 151.0 
1.00 93 . 5 50.8 164.1 116.7 143.4 
1.50 97.5 56.1 164.0 102.6 154.0 
2.00 86.5 54.6 163.5 99.8 140.7 
2.50 93.5 60.5 163.5 77.2 136.7 
3.00 84.0 60.0 163.1 71.1 123.8 
3.50 93.0 59.1 163.2 62.8 105.0 
4.00 93.5 42.0 163'.2 80.2 72.3 
4. 25 54.0 43.1 163.1 65.4 75.6 
Final Upstream Temp. - 172 . 7°F 
Vz r/R Z/L 
(ft/sec) (in. /in.) (in./in.) 
-4.8 0.4363 0. 2620 
-4.3 0.3815 0.2616 
-7.1 0.3465 0. 2631 
-13.5 0.3163 0. 2677 
6.1 0.3348 0. 2542 
-4.7 o. 3442 o. 2626 
-7.5 0.4030 0. 2516 
-3.3 0.4869 0. 2621 
-4.9 0.6770 0.2635 
47.5 0.6570 0. 2112 
w 
1-' 
TABLE II (Continued) 
CALCULATED DATA 
Station 4fo2 
Initial Upstream Temp. - 146.5°F Volumetric Flow Rate - 246.0 ft3/min 
Distance Complete Pitot Tube Temp. Vt Vr from Center Rotation Movement 
(in.) (deg) (deg) (oF) (ft/sec) (ft/sec) 
0.000 73.5 86.9 135.5 11.2 215.7 
0.375 81.0 87.7 135.4 8.4 212.8 
o. 750 83.0 86.9 134.8 8.7 162.3 
1.125 86.5 80.6 134.7 21.0 127.1 
1.500 96.0 61.1 135.5 80.5 146.6 
1.875 76.0 57.6 135.9 84.4 137.0 
2.250 82.0 61.7 136.2 75.4 141.3 
2. 625 93.5 60.9 136.1 76.7 138.1 
3.000 76.0 59.4 136.5 63 . 7 111.0 
Final Upstream Temp. - 146.9°F 
Vz r/R Z/L 
(ft/sec) (in. /in.) (in./in.) 
3.3 0.5306 0.4954 
1.3 0.4572 0.4998 
1.1 0.3718 0.5007 
1.3 0.3022 0.4979 
-8.5 0.3316 0. 5115 
21.0 0.3317 0.4880 
10.6 0.3530 0.4957 
-4.7 0.4146 0.5087 




Initial Upstream Temp. - 155.6°F 
Distance Complete 












TABLE II (Continued) 
CALCULATED DATA 
Volumetric Flow Rate - 243.0 ft3/min 
Pitot Tube Temp. Velocity 
Movement 















16.53 130.4 268.7 
14.40 130.9 264 . 9 

















Sample calculations are performed for Station #1, and a distance 
from the center of 3.50 in. 
(1.) Calculations for volumetric flow rate. 
Atmospheric pressure = 28.848 in. Hg (0.491 lbf/in~/in. Hg) 
= 14.16 lbf/in? 
Upstream orifice pressure = atmospheric pressure + gage pressure 
= 3.00 + 14.16 = 17.16 psia. 
Downstream orifice pressure = 1.00 + 14.16 = 15.16 psia. 
Average inlet temperature = (initial reading + final reading)/2 
= (4.141 mv + 4.091 mv)/2 = 4.116 mv 
Absolute . inlet temperature= 173.7°F + 460 = 633.7°R. 
Density=/'= P/RT = 17.16(144)/53.3(633.7) = 0.0731 lbm/ft~ 
~=orifice diameter/pipe diameter= 1.500/2.068 = 0.725. 
Orifice area= rtD2/4 = rt(l.500) 2/4(144) = 1.227 x 10- 2ft? 
As shown by Benedict (2), the theoretical weight flow rate of a 
compressible fluid in a closed channel is 
where (W/~tth- theoretical weight flow rate (lbf/sec), A2 - area of 
orifice (ft2), k - isentropic exponent (1.4 for air), P1 - upstream 
orifice pressure (lbf/ft2), P2 - downstream orifice pressure (lbf/ft2), 
35 
g- acceleration due to gravity (32.2 ft/sec 2), andt1 - specific weight 
of upstream air (lbf/ft3). 




-2 [ (2 X 1.4/1.4- 1)(1- [ 15.16/17.16] 1. 4-l/1. 4 ) 
1.227 X 10 
(1 - [ 15.16/ 
17.16 X 144 X 32.2 X 0.0731(15.16/17.16) 2/l. 4]~ 
1"7 1t;] 211. 4 [ 0.725] 4) 
With the discharge coefficient defined as Cd = (W/~t)actual/(W/At)th 
the actual weight flow rate is determined once the value of Cd is known. 
Empirical equations describing the characteristics of square-edged 
orifices in terms of diameter ratios and pipe Reynolds numbers are given 
by the ASME. Since the discharge coefficient is a function of Reynolds 
number, which itself is a function of the flow rate to be determined, 
an initial value of Reynolds number must be assumed. Thus, an itera-
tion procedure follows until the Reynolds numbers converge to a solu-
tion. 
As given by the ASME for flange taps, E = Dorifice(830 5000{S + 
9000~ 2 - 4200~ 3 + 530/(Dpipe)~) = 1.500(830- 5000(0.725) + 9000(0.725) 2 
- 4200(0.725) 3 + 530/(2.068)~) = 1.057 x 103 , and Ke = 0.5993 + 0.007/ 
Dpipe + (0.364 + 0.076/(Dpipe)~)~4 + (65/(Dpipe) 2 + 3)(~- 0.7) 5/ 2 = 
0.5993 + 0.007/2.068 + (0.364 + 0.076/(2.068)~)(0.725) 4 + (65/(2.068) 2 
+ 3)(0.725- 0.7) 5/ 2 = 0.720. 
36 
Now, Ko = Ke(l06)CDorifice)/(l06 x Dorifice + lSE) = 0.720(106)(1.500)/ 
(106 X 1.5QQ + 15 X 1.507 X 103) = 0.713. 
Assuming an initial Reynolds number of 2.0 x 105, K = K0 (1 +~E/Re) 
= 0.713(1 + 0.725(1.957 x 103)/2.0 x 105) = 0.716, and cd = K(l -~4)~ = 
0.716(1 - (0.725) 4 )~ = 0.609. The actual flow rate is 
(W/6t)actual = Cd(W/At)th = 0.609(0.493 lbf/sec) 
= 0.300 lbf/sec. 
The corresponding Reynolds number is 
4(W/~t)actual(gc) 4(0.300)(32.2)(12) 
Re = = 
(Dpipe)~g 2.068(n)(l.418 x 10-5)(32.2) 
5 
== 1.564 X 10 . 
Since this value of Reynolds number differs from the assumed value, a 
second trial is necessary. Using Re = 1.564 x 105 as the new value for 
Reynolds number K = K0 (1 +~E/Re) = 0.713(1 + 0.725(1.057 x 103)/1.564 
x 105) = 0.716, and cd = K(l -{S4)~ = 0.716(1- (0.725) 4 )~ = 0.609. 
The actual flow rate is 
(W/~t)actual = 0.609(0.493 lbf/sec) 
= 0.300 lbf/sec. 
5 This will again give a Reynolds number of 1.564 x 10 . Therefore, 
0.300 lbf/sec is the best value for flow rate that may be obtained. 
This value is now converted to ft3/min using the relationship of 
Volumetric flow rate= (W/~t)actual(l/f)Cgc/g)(60 sec/min)= 0.300 
(1/0.0731)(32.2/32.2)(60) = 246.0 ft 3/min. 
(2.) Calculations for velocity. 
37 
Static temperature= 3.806 mv = l63.2°F. 
Absolute static temperature = 163.2°F + 460 = 623.2°R. 
Density= f'= P/RT = 14.16(144)/53.3(623.2) = 0.0614 lbm/ft~ 
Velocity pressure= 2.75 in. R20(0.03612 lbt/in~/in. H2o)l44 m2/ft2 
= 14.3 lbf/tt? 
The velocity of air, as measured by a pitot tube, may be determined 
[ ] ~ from the following equation: V ~ 2gci/(Pz - P1) , where V - velocity 
of air (ft/sec), g - constant 
c 
(32. 2 ft-lbm/lbf - sec2), /'- density 
(lbm/ft3), P2 - total pressure (lbf/ft2), P1 ~ static pressure (lbf/ft2). 
Substitution of the appropriate values into the previous equation 
yields V = [2(32.2)(14.3)/0.0614]~ = 122.4 ft/sec. 
(3.) Calculations for radial and axial position. 
Complete rotation= 110° - 17° ~ 93°. 
Pitot tube movement= (142° ~ 42°)/1.692 ~ 59.1°. 
Knowing the dimensions of the pitot tube and its support, it was 
possible to calculate the projected lengths, Figure 13. 
I air flow 
1. 7217" 
position 
Figure 13. Pitot Tube Movement. 
38 
The axial position, and radius of the nozzle at the tip of the 
pitot tube were determined as follows. See figure 14. 
Z = 20.0625 - 14.875 + (0.8665 + .4827)cos(87, ~ 5.2581 in. 
Z/L = 5.2581/20.0625 - 0.2621. 
R = (3.92635/20.0625)(20.0625 - 5.2581 + 10.4359) ~ 4.9397 in. 
The tip of the pitot tube was initially offset from the center of 
the nozzle. This is accounted for in the following calculations for 
the radius at the tip. See Figure 15. 
xcorrected = 0.1587 + (0.8665 + 0.4827)cos(3°) = 1.5060 in. 
Ycorrected = 3.5962- 1.7217 ~ 1.8745 in. 
Therefore, the radius at the tip of the pitot tube may be expressed 
as r 2 ~ (Xcorrected) 2 + (Ycorrected) 2 = (1-5060) 2 + (1.8745) 2 = 5.7818 
2 in. = 2.4050, and r/R = 2.4050/4.9397 = 0.4869. 
(4.) Calculations for velocity components. 
As shown in Figure 16, a spherical coordinate system was used to 
resolve the velocity vector into radial, tangential, and axial compon-
ents. 
x component: r cos(90 -q>)coscf. 
y component: r sin(90 -4J). 
z component: r cos (90 - cp) sin~. 
Vt = tangential component = 122.4 cos(59.1°)cos(3°) = 62.8 ft/sec. 
Vr =radia l component= 122.4 sin(59.l 0 ) = 105.0 ft/sec. 










Ftgure 14. Nozzle Dimensio~s for calculations. 
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Figure 16. System for Resolution of Velocities. 
41 
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